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Abstract 

Nanoparticle (NP)-based drug delivery systems offer fundamental advantages 

over current therapeutic agents that commonly display longer circulation time, lower 

toxicity, specific targeted release, and greater bioavailability. For successful NP-based 

drug delivery it is essential that the drug-carrying nanocarriers can be internalized by 

target cells and transported to specific sites, and inefficient internalization of the 

nanocarriers is often one of major sources for drug resistance. In this work, we use the 

dissipative particle dynamics simulation to investigate the effect of NP hardness on 

their internalization efficiency. Three simplified models of NP platforms for drug 

delivery, including polymeric NP, liposome and solid NP, are designed here to 

represent increasing nanocarrier hardness. Simulation results indicate that NP 

hardness controls the internalization pathway for drug delivery. Rigid NPs can enter 

cell by a pathway of endocytosis, whereas for soft NP the endocytosis process can be 

inhibited or frustrated due to the wrapping-induced shape deformation and 

nonuniform ligand distribution. Instead, soft NPs tend to find one of three penetration 

pathways to enter the cell membrane via rearranging their hydrophobic and 

hydrophilic segments. Finally, we show that the interaction between nanocarriers and 

drug molecules is also essential for effective drug delivery. 

 

Keywords: Endocytosis; penetration; drug delivery; dissipative particle dynamics 

simulation; nanoparticle hardness 
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1. Introduction 

Traditional therapeutic agents show several limitations, such as off-target effect, 

poor water solubility, short circulation time, inconsistent stability, unfavorable 

biodistribution. As a comparison, nanoparticle (NP)-based drug delivery systems have 

shown significant promise in the development of drugs delivery systems that might 

overcome such limitations and address urgent needs to improve efficacy of diagnosis 

and therapy of various diseases. In the delivery systems, the free drug molecules 

could be encapsulated inside NPs, and enter into cells by the assistance of NPs. The 

drug molecules are then released from NPs after they have been delivered into the 

cytoplasm. For example, various NP-based approaches have been investigated to 

overcome the multidrug resistance developed by tumor cells, and one would expect a 

significant improvement in drug efficacy.
1-4
 However, the poor cellular uptake 

remains a rate-limiting step for reaching the drug concentration level within the 

therapeutic window.
5
 In many cases, therefore, understanding the interaction 

mechanisms of NPs with cell membranes and the key factors of controlling their 

uptake is of critical importance for cellular physiology and modern biomedicine.  

For the NP uptake, there exist two internalization pathways: one is passive 

physical penetration of NPs with a size of several nanometers,
6-9
 and the other is 

active endocytosis.
10-16

 Both experimental and theoretical investigations show that the 

NP size, 
17-21

 shape,
10, 22-24

 surface chemistry 
22-28
 and ligand arrangement 

8, 29, 30
 affect 

its active endocytosis or passive penetration.  

Another property of NPs, which may influence their nanomedicine applications 

but have rarely investigated comparatively, is NP hardness or softness. NPs can be 

categorized with respect to their hardness. For example, metal or carbon-based NPs 

are considered “hard”, while dendrimer-, protein- or polymer-based NPs are 
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categorized as soft NPs. There exist another type of NPs that combine hard core and a 

soft shell.  

The effect of NP hardness on the NP-membrane interaction, especially on drug 

delivery is nearly unexplored. Nevertheless, NP hardness seems to be another 

important factor affecting its internalization, which is often a crucial step for 

successful targeted drug delivery. This point can be inferred from following studies. 

Experimentally, Tao and Desai have found that macrophages are unable to 

phagocytose soft biological substances, which has profound implications on the 

functioning of the immune system. 
31
 Beningo and Wang have shown that 

phagocytosis of soft microparticles can be hindered by particle deformation. 
32
 

Theoretically, Yi and Gao 
33
 and Ding and Ma 

30
 found that soft particles can hardly 

achieve full wrapping. Besides a recent theoretical work also showed that rod-shaped 

elastic nanoparticles can exhibit a similar elasticity-dependent effect on cell uptake,
34
 

and consistently, our previous simulation results indicated that endocytosis of soft 

vesicle becomes rather difficult. 
35
 

Based on above studies, we put forward here the idea that for drug delivery, NP 

hardness can be used to control the pathways for NP uptake, and emphasize the 

importance of nanocarrier hardness on achieving high drug efficacy. In clinical 

research, an increasing number of NP-based carriers, such as polymeric NPs, 
36-38

 

liposomes, 
39-41

 dendrimers, 
42
 nanoemusions

43
 and metal NPs,

44
 are used in drug 

delivery systems,. It is well accepted now that in many cases overall efficacy of 

nanocarriers in overcoming drug resistance are marginal, and it is the poor 

endocytosis of nanocarriers that limits their potential. For example, Kunjachan et al. 

investigated different NP formulations, such as liposomes, polymers and micelles, to 

overcome multidrug resistance in four different cell lines (A431, SW620, B16-F10 
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and CT26) in drug-sensitive and drug-resistant form. It was found that the soft carrier 

materials did manage to overcome multidrug resistance to some extent, but that the 

overall benefit was quite small. 
45
 At least partially, lack of improvement in 

overcoming drug resistance with NPs was attributed to reduced endocytosis. Besides, 

reduced endocytosis was reported in both doxorubicin- 
46
 and ciplatin-resistant cells 

47
.   

From drug delivery perspective, however, the systematic research for the effect of 

the NP hardness on its internalization is still lack. In this work, we use DPD 

simulations to investigate the effect of NP hardness on its cellular internalization. In 

order to simulate different hardness NPs, we design three simple models, including 

polymeric NP which is built by a backbone chain grafted with short branched chains, 

liposome, and solid NP, as in NP-based drug formulations. The aim of this work is to 

highlight the importance of NP hardness on its internalization mechanism, which can 

provide the guidance for the design of effective NP-based drug carriers.  

 

2. Models and simulation method 

The DPD method has been extensively used to simulate the hydrodynamic 

behavior of complex fluids, 
48, 49

 in which the dynamics of DPD beads are governed 

by Newton’s equation of motion. DPD is one of the most commonly used computer 

simulation techniques in the studies of biomembrane systems. 
14, 50-58

 It can reproduce 

the dynamic behaviors of a lipid bilayer, and is often used to explore interactions 

between the biomembranes and NPs. 
7, 14, 15, 35

  

In this work, the coarse grained models were used to represent different 

components, and a schematic drawing of the studied system is given in Fig. 1. To 

represent dimyristoylphosphatidylcholine (DMPC), a model lipid molecule
59 
is built 
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by connecting a headgroup with three hydrophilic beads (H) to two hydrophobic tails 

of equal length, each having five hydrophobic beads (T) (Fig. 1). The lipid membrane 

is composed by two types of lipid molecules with the same structure. One represents 

normal lipid molecules and the other represents receptors (R). In this work, we set 1/4 

of lipid molecules in the membrane to behave as receptors so that the endocytosis is 

not receptor-limited. 
60
 

In order to investigate the effects of NP hardness on their internalization 

pathways, three simplified models have been design: polymeric NP, liposome, solid 

NP (see Fig. 1), with increasing hardness. For polymeric NP, it is built by a backbone 

chain and connected with many branched chains. The liposome model is obtained via 

a self-assembly process after connecting the beginning and the end of the polymeric 

NP. In the liposome model, NP deformation and shape change are allowed. Then the 

solid NP model is obtained by removing all bonds in the liposome and fixing its 

structure as a rigid solid. In this way, the polymeric NP, liposome and solid NPs have 

the identical hydrophilic and hydrophobic (P) components. To represent the 

ligand-receptor interaction, we chose hydrophilic segments (beads) of these NPs as 

ligands (L), which exert attractive interaction to the receptors on the membrane. The 

solvent molecules (W) are modeled as single beads. In order to test the efficiency of 

the NP carrying drug, the drug molecules (D) are also included in this work and 

modeled as single beads.   

The interaction force exerted on beads is composed of conservative, dissipative, 

and random forces. The conservative force between beads i and j, which is soft and 

repulsive, is determined by  







 −= 0,1max

c

ij
ijij

C

ij r

r
aF r
)

,                      (1) 

where aij is the maximum repulsive force between particles i and j, rij=rj-ri (ri and rj 
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are the positions of particle i and particle j), rij=|rij|, ijr̂ =rij/|rij|, and cr  is the cutoff 

radius. In this system, the interaction parameters between beads of the same type were 

set to 15=TTa  and 25=== DDHHWW aaa , and those between the different types of 

beads were 25==== TPLWLHHW aaaa , 50==== DLHTPTPH aaaa , 

80LT PW TWa a a= = = , 30=== DWRDHD aaa . The interaction parameters greater than 

25 correspond to a repulsive force, while those smaller than 25 correspond to 

attraction. In order to represent the strong ligand-receptor binding, the interaction 

parameter between ligands and headgroups of receptors was set to zero. 
14
 As usual, 

we have chosen the interaction cutoff radius cr , the bead mass m, and the thermostat 

temperature TkB to unity in the simulations. 

In the model of lipid molecules, the interaction between neighboring beads along 

the same molecule is described by a harmonic spring force, 

^

)( ijeqijSS rrrKF −=                           (2) 

where the spring constant SK was set to Tk B128  and the equilibrium bond length 

eqr was set to cr7.0 . The force constraining the variation of bond angle is given by 

ϕϕ UF −∇=  and ))cos(1( 0φφφφ −−= KU                  (3) 

where 0φ  was set to π  and φK  is the bond bending force constant. For lipid 

molecules and receptors, φK  were set to 10.0. For polymeric NP and liposome, φK  

were set to 100.0. 

In this work, we used an N-varied DPD method, a particular variant of DPD 

method in which the targeted membrane tension is maintained by monitoring the 

number of lipids per area (LNPA) in the boundary region,
14, 15, 35 

to simulate 

internalization process. In this method, the boundary region which surrounds the 
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central square region of the membrane plays a role as a reservoir of lipids and 

receptors, and the value of LNPA in the boundary region (denoted as BR

LNPAρ ) is kept 

constant by deletion/addition moves. At the same time, a corresponding number of 

water beads are randomly deleted or added to keep the whole system density 

unchanged.  

Since the membrane tension is directly related to BR

LNPAρ , we specified the value of 

BR

LNPAρ  hereafter. To promote the efficiency of NP endocytosis, for most cases in this 

work BR

LNPAρ was greater than 1.47, which corresponds to zero or negative membrane 

tension. For the biological relevance, the negative membrane tension can be imposed 

by the cytoskeleton 
61-64

 or dynamin. 
64
 It is widely accepted that in many cells, actin 

patches assembled from actin filaments provide the driving force for the 

internalization of NPs. 
64
 

3. Results and discussion 

3.1The endocytosis for NPs having different hardness 

 

3.1.1 Polymeric NP 

We first considered the polymeric model that can be deformed freely, 

representing the softest NP. To accelerate the endocytosis kinetics, unless pointed out, 

a rather negative membrane tension ( BR

LNPAρ =1.67) was used in following simulation 

runs. Initially, we placed the polymeric NP close to the lipid membrane. From the 

typical snapshots in endocytosis process (Fig. 2a), we can see that at first the 

polymeric NP gradually adheres on the membrane because of the receptor and ligands 

attractive interaction. At the same time the polymeric NP gradually aggregates due to 
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the hydrophobic interaction, and at about 1280 ns the polymeric NP shrinks into a 

roughly spherical cluster. During the adhesion and aggregation process, the 

deformation of the polymeric NP is very obvious. In order to give a quantitative 

description for the polymeric NP deformation, we show the ellipsoidal parameter of 

NP in the Fig. 3a, which is defined as /E H W=  with H and W the height and 

width of the NP. With further proceeding, all the ligands are pulled to the membrane 

surface owing to the ligand-receptor attractive interaction, resulting in the absence of 

ligands on the top of the polymeric NP that blocks further wrapping. The observation 

confirms that the uniform distribution of ligands on NP surfaces is crucial for 

successful endocytosis. For soft NPs, however, the ligands would gradually diffuse to 

the NP-membrane interface to bind with the receptors. As a result, the wrapping rate 

slows down and finally stops as the depletion of free ligands, which leads to the 

failure of endocytosis.  

Besides, we also explored the effect of membrane surface tension by considering 

respectively a positive membrane tension ( BR

LNPAρ =1.25), a zero membrane tension 

( BR

LNPAρ =1.47) and a negative membrane tension ( BR

LNPAρ =1.67). Generally, the positive 

membrane tension would lengthen the wrapping stage and consequently slows down 

the wrapping kinetics. A small or negative membrane tension would facilitate the NP 

wrapping, and always generates a large membrane curvature to wrap the NP (Fig. 4). 

In general the decrease of membrane tension would promote the membrane bending 

to wrap the polymeric NP. However, even though at the negative membrane tension, 

the mobility of ligands on a soft NP would cause the depletion of free ligands at the 
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last wrapping stage that prevents full endocytosis of the polymeric NP (Fig. 4a).  

The mechanism for the frustrated endocytosis of the polymeric NP can be used to 

interpret the fact that although some soft biomacromolecules such as charged DNA, 

proteins, filaments 
65
 may show attractive interaction with the cell membrane, they 

still cannot be endocytosed. One of the important reasons is that soft 

biomacromolecule cannot keep the uniform distribution of their “ligands” during a 

whole internalization process. The absence of the free “ligands” at the last stage will 

limits the endocytosis of macromolecules. 

 

3.1.2 Liposome  

We show typical the time evolution of the wrapping of liposome in Fig.2b. From 

Fig.2b, we can see that as the wrapping process proceeds, the ligands on the top of the 

liposome gradually move to the membrane surface to interact with the receptors on 

the membrane. Finally, the absence of ligands on the top of the liposome inhibits its 

full endotytosis, in a similar manner as for the polymeric NP. Besides, with being 

wrapped by lipid membrane, liposome deform into a shape of oblate spheroid due to 

the strong ligand-receptor attraction (see Fig. 3a).  

We also studied the effect of membrane tension on the endocytosis. Fig. 4b 

shows the final snapshots for liposome wrapped at different membrane tensions. 

Besides, we give the time evolution of wrapping percentage in Fig. 5a. The figures 

show that at positive membrane tension ( BR

LNPAρ =1.25) or zero membrane tension 

( BR

LNPAρ =1.47), the liposome is hardly wrapped by the membrane, and instead the NP is 
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strongly deformed to maximize the ligand-receptor interaction. Even at the negative 

surface tension ( BR

LNPAρ =1.67), NP softness induced NP deformation and depletion of 

free ligands prevent the NP from being full wrapped by the membrane. Similar results 

were found by Ding and Ma on the NP-membrane interaction 
30
 as well as by us on 

the vesicle-membrane interaction, 
35
 indicating that depletion of free ligands and 

shape change of soft NPs induce frustrated internalization.  

 

3.1.3 Solid NP 

To compare with the engulfment of soft NPs, we also investigated the 

endocytosis of solid spherical NP at a negative membrane tension of BR

LNPAρ =1.67. As 

shown in Fig.2c, the solid NP can be endocytosed completely. During the endocytosis 

process, the solid NP was first adhered and then gradually wrapped by the lipid 

membrane until it was internalized fully. Compared to the soft NP under the same 

conditions, the solid NP can keep the roughly uniform distribution of ligands during 

the endocytosis process. This is one of the key reasons that solid sphere NP can be 

endocytosed, but soft NPs can not.  

In addition, we also show the effect of membrane tension on the endocytosis of 

solid NPs in Fig. 4c and Fig. 5b, in which the positive membrane tension would 

lengthen the wrapping stage, and consequently the kinetics of endocytosis slows down. 

In contrast, a small or negative membrane tension facilitates the generation of a large 

membrane curvature and promotes the endocytosis of the solid NP. 
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3.2 The mechanism for soft nanoparticle cannot endocytosis 

The mechanism of selective control of endocytosis by tailoring NP hardness can 

be interpreted by two aspects. One is the depletion rate of free ligands relative to the 

wrapping process, and the other is the shape deformation of NPs. 

 

3.2.1 The change of ligand distribution during a wrapping process  

For soft elastic NPs such as polymeric NP and liposomes, when they absorbed on 

a lipid membrane, receptors adjacent to the soft NP can diffuse to form strong binding 

with the mobile ligands on the NP, which causes the anisotropy of ligand distribution. 

At the last stage of the wrapping process the free ligands are depleted, and therefore, 

the absence of ligands on the top of the soft elastic NP will limit its further 

endocytosis. In order to further explore the importance of surface ligand distribution 

in successful endocytosis, we investigated another system in which the interaction 

among ligands on the liposome becomes repulsive in order to constrain the free 

motion of ligands and prevent their strong enrichment on the NP-membrane interface. 

We call the soft NP as “dendrimer”. Note that these kind of soft NPs do certainly not 

have a structure of dendrimers, but they behave as dendrimers during a wrapping 

process. They do constrain the local enrichment of ligands on the NP-membrane 

interface as dendrimer, in which the volume repulsion induces a constraint on free 

motion of ligands that generates a relatively uniform ligand distribution during the 

wrapping process ( 50LLa = ).  

From the Fig.6, we can see that the dendrimer-like NP does prevent the rapid 
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depletion of free ligands during the first stage of the wrapping process. Compared to 

the liposome, therefore, the “dendrimer” has a larger wrapping percentage (Fig. 5c). 

This further confirms that a slow depletion rate of free ligands relative to the 

wrapping is one of necessary conditions for NP endocytosis. Especially, it was 

experimentally found that mobile ligands tend to redistribute in the response to the 

change in the local environment. 
66
  

 

3.2.2 The shape deformation of a soft NP 

   The deformation of the soft NP in the wrapping process is another key factor 

affecting NP endocytosis. In order to study the effects of the deformation of NPs 

having different hardness in their wrapping process, we compared the endocytosis of 

the “dendrimer” with the solid spherical NP. For the solid spherical NP, it shows a 

slight rotation during the endocytosis process as the NP is not a strict sphere (Fig. 3a). 

As a result, the ellipsoidal parameter of the solid NP shows a slight fluctuation. 

However, the ellipsoidal parameter of the “dendrimer” shows a much more 

significantly decrease at the early stage and then increases as the simulation time 

proceeds (see Fig. 3b). This means that at the early stage the “dendrimer” first spread 

out on the lipid membrane to maximize the ligand-receptor attraction. Fig. 5c shows 

that the endocytosis kinetics of the “dendrimer” is slower than the solid sphere NP, 

indicating that the shape deformation of the “dendrimer”, especially for the first one, 

is not favorable for its wrapping.  

At the later stage, as the ligand-receptor attraction is sufficiently strong to 
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compensate the cost of membrane bending, the membrane bends and more free 

ligands move to interact with the membrane. Consequently, the wrapping rate for the 

“dendrimer” increases at this stage (Fig. 5c). At the same time, the “dendrimer” 

deforms into a slender sphere (Fig.6, Fig. 3b).  

In general, the endocytosis of “dendrimer” is much slower in comparison with the 

solid spherical NP. This is because the shape deformation of soft NPs is not favorable 

for its wrapping (Fig. 3b, Fig.5c). Therefore, our results show that even if the 

“dendrimer’’ can slow down the depletion of free ligands in some extent, its shape 

deformation during a wrapping process is unfavorable for NP endocytosis when 

compared to the solid spherical NP. 

 

3.3 The penetration pathways for soft NPs carrying drug molecules 

In experiments, liposomes including micelles or vehicles are often used as 

nanocarrier for drug and gene delivery. 
39
 In order to study how soft liposomes 

carrying drug enter the cell, we study the dynamics mechanism for drug-carrying 

liposome entering into cells. At first, the hydrophobic drug molecules are 

encapsulated inside a liposome. Then, we placed the liposome near a lipid membrane 

to simulate the drug delivery process. Several final configurations are shown in Fig.7.  

Our simulations show that the fate of liposomes depends on the interaction 

between the hydrophobic segments of liposomes and lipid tails. As the interaction 

gradually decreases from repulsion to attraction, liposomes respond to the 

liposome-membrane attraction differently, showing interaction pathways from NP 
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adhesion and penetration. At aPT=50, the liposomes are found to stay adhering on the 

membrane, being wrapped partially by the membrane during their interaction process 

(see Fig. 7a). This observation is in a good agreement with Fig. 2b. In general, for soft 

NPs under the endocytosis pathway, most frequently the liposome cannot be fully 

wrapped by the lipid membrane, leading to the failure of transporting drug molecules 

into cells.  

When the interaction between liposome and membrane hydrophobic beads 

showing weak or zero repulsion, such as aPT=25, soft NPs tend to merge with a 

bilayer membrane via rearranging their hydrophobic and hydrophilic segments, 

inducing NP penetration (Fig.7b). Therefore, the endocytosis pathway can be blocked 

via weakening the repulsive interaction between the liposome hydrophobic segment 

and the lipid tails. In this case the liposome is found to enter the lipid membrane with 

a penetration pathway instead. Besides, it is interesting to find that the penetration of 

liposomes has three different pathways (see Fig. 8 for typical snapshots).  

For the penetration of the liposome, we found three penetration mechanisms: 

“fusion-wrapping-switch” mechanism, “fusion-penetration-rearrangement” 

mechanism, and “fusion-hydrophobic insertion” mechanism. For the 

“fusion-wrapping-switch” mechanism, it is initiated from the fusion of the soft NP 

with the membrane (Fig. 8a), just as in the membrane fusion events discussed for 

micelle
67
 and vesicles.

35, 51
 During the membrane fusion, hydrophobic segments at the 

bottom of the liposome tend to penetrate into the membrane hydrophobic core, and at 

the same time the liposome ligands are pushed away and concentrate on the top of the 
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liposome, which consequently induces a stronger attraction between the liposome and 

receptors in the membrane and thus enhances the NP wrapping as in a pinocytosis 

pathway. As the whole liposome gradually immerses into the membrane, a 

hydrophobic-hydrophilic switch, in which the liposome gradually extends its 

hydrophobic segments outward and forms a hydrophobic shell wrapping the 

hydrophilic segments, takes place to minimize the contact between neighboring beads 

having different hydrophobicity, forming an inverted micelle-like structure (Fig. 8a). 

We must notice that in our simulations the NP size is rather small and comparable 

with the membrane thickness. For soft NPs with a much larger size, the wrapping 

process of the penetration pathways may becomes a limited step. 

 Another penetration pathway for the liposome is called 

“fusion-penetration-rearrangement” mechanism, in the case of drug molecules having 

a strong attraction with the liposome (Fig.8b). Different from the first penetration 

pathway, in this pathway the liposome along with its hydrophilic beads can directly 

penetrate the lipid membrane with less segment rearrangement, like the direct 

penetration of patterned solid NPs
68
 and the dendrimer-induced formation of 

membrane pore.
69
 Since some hydrophilic segments of the liposome (ligands) contact 

with the hydrophobic core of the lipid membrane directly after the soft NP reaches the 

other leaflet of the membrane, this pathway is followed by the rearrangement of 

lipiosome beads to minimize the unfavorable hydrophobic-hydrophilic contact. The 

final configuration in Fig. 8b shows that the whole liposome forms a 

hydrophilic-hydrophobic-hydrophilic structure inside the membrane, as the interaction 
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of patterned solid NP with cellular membrane.
68
  

 The third penetration pathway for the liposome is “fusion-hydrophobic insertion” 

mechanism (Fig.8c). In this pathway, the hydrophobic segments of the liposome 

gradually insert into the membrane after the initial fusion of NP with the membrane. 

But different from the "fusion-penetration-rearrangement" mechanism, the 

hydrophilic beads of the liposome on the upper leaflet could not reach the lower 

leaflet (see Fig. 8c). 

3.4 NP-drug molecule attraction influences the efficiency of drug delivery 

  Besides, we found that the penetration pathway for the liposome is also 

dependent upon the interaction between the liposome and drug molecules. When the 

drug molecules are of strong attraction with the hydrophobic segment of the liposome 

(e.g., 0=PDa ), the liposome penetrates mainly via the 

“fusion-penetration-rearrangement” pathway. This is because the strong 

drug-liposome attraction effectively rigidifies the liposome, resulting in NP 

penetration as patterned solid NP.
68
 Whereas, when the interaction between the 

hydrophobic segment of the liposome and the drug becomes increasingly weak 

( 10=PDa and then 25=PDa ), the penetration of the liposome is dominated mainly by 

the “fusion-wrapping-switch” pathway and then the “fusion-hydrophobic insertion” 

pathway. 

 At the same time, our simulations demonstrate that the attractive interaction 

between the drug molecules and liposome also influences the efficiency of drug 

delivery via changing drug release. For soft NPs having a zero or weak attraction with 
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the drug molecules, the deformation of soft NPs, which is observed in both the 

endocytosis (Fig. 7a) and penetration pathways (Fig. 7b), could lead to the leakage of 

drug molecules before their internalization. Consequently, a large number of drug 

molecules fail to cross the lipid membrane and weakens the drug delivery efficiency  

(see Fig.7c, and Fig. 7d). However, if there has a strong attraction between the drug 

molecules and soft NPs, drug leakage before NP uptake can be substantially reduced 

(see Fig.7e).  

 In general, the attraction between the drug molecules and liposome not only 

inhibits the leakage of the drug molecules, but also changes effectively the NP 

hardness and the penetration pathways. Hence, when soft NPs are selected as 

nanocarriers for drug delivery, it should keep in mind that besides the NP-membrane 

interaction, the NP-drug molecule interaction is also important for effective drug 

delivery. An appropriate choice of the interaction between drug and soft NPs can 

avoid substantial drug release of ahead of their internalization.  

 

4. Conclusions 

Nanoparticles (NPs) have shown significant promise in development of drugs 

delivery systems that might overcome the limitations of current therapeutic agents. 

For example, various NP-based approaches have been investigated to overcome the 

multidrug resistance developed by tumor cells. However, in many cases the inefficient 

internalization of the nanocarriers is often one of major sources for drug resistance, 

and the poor cellular uptake remains the rate-limiting step for NP-based drug delivery 
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systems.  

NPs can be categorized with respect to their hardness or softness, and how NP 

hardness influence the drug delivery is nearly unexplored. In this work, we used the 

dissipative particle dynamics simulation to investigate how to control selectively 

internalization pathway by tailoring NP hardness. Different simplified models for 

platforms used for drug delivery, including polymeric NP, liposome, dendrimer, and 

solid NP are considered here to represent the increase of nanocarrier hardness. Our 

simulation results indicate that without the aid of other cellular machineries, only 

rigid NPs can achieve complete endocytosis. For the polymeric NP, liposome and 

even the dendrimer, however, the endocytosis process can be inhibited or frustrated. 

There are mainly two reasons for the endocytic difficulty of soft elastic NPs. One is 

rapid depletion of free ligands on the top of soft NPs that limits further wrapping 

process. The other is the shape deformation of the soft NPs induced by the 

ligand-receptor attraction, which slows down the wrapping process. 

 Instead, soft NPs are often found to enter the lipid membrane with a penetration 

pathway via rearranging their hydrophobic and hydrophilic segments. Our simulation 

results show that there exist three different penetration pathways: 

“fusion-wrapping-switch” mechanism, “fusion-penetration-rearrangement” 

mechanism, and “fusion-hydrophobic insertion” mechanism. The fate of 

internalization of soft NPs depends on the interaction between the hydrophobic 

segments of liposomes and lipid tails. Besides, the pathway for the penetration of soft 

NPs is affected by the attractive interaction between the drug molecules and NPs. 
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Finally, we show that the drug delivery efficiency of soft NPs not only depends 

on their ability to be internalized, but depends on the interaction between the carriers 

and drug molecules. A weak attraction between soft NP and drug molecules could 

lead to the leakage of drug molecules before their internalization. In contrast, for soft 

nanocarriers with a strong attraction with drug molecules, drug leakage before NP 

uptake can be substantially reduced.  

This work gives a comprehensive explanation of how the NP hardness influence 

on their internalization pathway, which can gives some guidance for the design of 

drug delivery systems. Besides NP hardness, other principles for the design of soft 

nanocarriers can also be derived from our simulations. For example, the interaction 

between the hydrophobic segments of soft NPs and lipid tails is essential for the 

successful penetration of soft NPs. In addition, the interaction between the soft 

carriers and drug molecules also affects the drug loading capacity, although its 

influence on the ratio of NP uptake is negligible. 
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Fig. 1. Schematic drawing of different components in our systems. The lipid head is 

shown in green, lipid tail in yellow, receptor head in cyan, receptor tail in orange, 

water molecule in brown, and drug molecule in pink. For different NP models, the 

hydrophilic component is shown in white and the hydrophobic component is shown in 

purple. 
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Fig. 2. Several typical snapshots for endocytosis processes for polymeric NP (a), 

liposome (b), solid NP (c). In the snapshots, the color code for the snapshots is the 

same as in Fig. 1. Water molecules are not shown in the snapshots for clarity. The 

volume of the liposome and solid NPs is 162 nm
3
, whereas that for the polymeric NP 

is 41 nm
3
. 
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Fig. 3. Time evolution of the ellipsoidal parameter for the wrapping of different NPs: 

(a) polymeric, liposome, and solid spherical NP at 1.67LNPAρ = ; (b) “dendrimer” at 

1.67LNPAρ =  (dendrimer: with repulsive interaction between the neighboring 

ligands, 50LLa = ) 
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Fig. 4. Final configurations for the wrapping of polymeric (a), liposome (b) and solid 

NP (c) at 1.25LNPAρ = , 1.47LNPAρ = , and 1.67LNPAρ = , respectively, from left to right. 

The color code for the snapshots is the same as in Fig. 1. The volume of the liposome 

and solid spherical NP is 162 nm
3
, whereas that for the polymeric NP is 41 nm

3
. 
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Fig. 5. Endocytosis kinetics of NPs: (a) liposome at 1.25LNPAρ = , 1.47LNPAρ = , 

and 1.67LNPAρ = ; (b) solid NP at 1.25LNPAρ = , 1.47LNPAρ = , 1.67LNPAρ = ;  (c) 

different NPs at 1.67LNPAρ = (dendrimer: with repulsive interaction between 

neighboring ligands.). 
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Fig. 6. Several typical snapshots for the wrapping process of “dendrimer” 

at 1.67LNPAρ = . The color code for the snapshots is the same as in Fig.1. The volume 

of the “dendrimer” is 162 nm
3
.  
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Fig. 7 The internalization of liposome carrying drug at 1.67LNPAρ = . The color code 

for the snapshots is the same as in Fig. 1. (a, b) show final snapshots for the fate of 

liposome as a function of aPT: (a) aPT=50; (b) 25PTa = . (c-e) give the corresponding 

distributions of drug molecules in the case of 25PTa = . From left to right, the 

interaction between liposome hydrophobic segments and drug molecules is set to 

25PDa = (no attraction), 10 (weak attraction), 0 (strong attraction). The green lines in 

(c-e) represent the top and bottom positions of lipid heads. 
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Fig. 8. Several typical snapshots corresponding to the three pathways for liposome 

penetration. The color code for the snapshots is the same as in Fig. 1. 
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TEXT: Rigid nanoparticles may internalize with an endocytic pathway, whereas 

soft nanoparticles tend to find a penetration pathway to enter biomembranes. 
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